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DNA microarray technology has become a powerful tool for studying gene 
expression and regulation on a genomic scale as well as detecting genetic polymorphisms 
in both eukaryotes and prokaryotes. Compared to the conventional membrane 
hybridization, microarrays offer the additional advantages of rapid detection, low 
background fluorescence, high throughput capabilities and lower cost. However, 
microarray analysis of environmental samples faces several challenges such as low target 
concentration, diverse probe and target sequences and presence of organic materials 
which may inhibit hybridization. In this study, the conventional gel-based platform used 
is also limited by its low diffusive capability for long target DNA fragments to interact 
with immobilized probes. 
 
Hence, a new ‘waffle’ mask that utilized a novel ‘pad within a pad’ concept was 
designed to improve on the performance of the current 3-D microarray platform. Nine 
different designs of micro-pillars with different dimensions (10, 20 and 50 μm) and 
pitches (5, 10 and 20 μm), each occupying a 300 µm by 300 μm area, were fabricated and 
etched onto a 1 μm thick chromium opaque mask. A soft lithography technique was 
employed using the ‘waffle’ mask to fabricate polyacrylamide gel micro-pillars to further 
improve the diffusivity issue related to hybridization efficiency and detection sensitivity.  
 
 vi 
 To attain a DNA microarray for genetic analysis, these polyacrylamide micro-pillars are 
then chemically activated and immobilized with different oligonucleotide probes.   
 
The modified microarray had as much as a 3-fold increase in the effective surface 
area available for probe immobilization as compared to a conventional gel pad.  By 
conducting a real-time measurement on the hybridization process, a 5-fold increase in 
hybridization rate and intensity was observed as compared to an unmodified microarray. 
With the micro-pillars having a larger effective surface area, much faster kinetics of 
affinity binding can be expected for the novel gel pads. 
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1.1 DNA microarray technology 
DNA microarray technology has emerged in the last few years as an effective 
method for analyzing large numbers of nucleic acid fragments in parallel. Its origins can 
be traced to the first description of the double helix by Watson and Crick who discovered 
that the nucleotide sequence within two DNA strands in duplex formation involves some 
degree of complementarity. DNA microarray technology uses this theory of 
complementarity to accelerate genetic and microbial analysis (Li and Liu, 2003). It can 
be seen as a continued development of molecular hybridization methods. Increasing 
numbers of researchers are now exploiting this technology in diverse biomedical 
disciplines (Bodrossy et al., 2004; Dennis et al., 2003; Dharmadi et al., 2004; Dufva 
2005; Guo et al., 1994). 
 
1.1.1    What is DNA microarray? 
DNA microarray consists of a miniaturized array of complementary DNA 
(cDNA) [500 to 5000 nucleotides (nt)] or oligonucleotides (15 to 70 nt) probes of known 
sequences attached directly to a glass or gel solid support matrix (Hughes et al., 2001). In 
a microarray experiment, fluorescently-labeled targets of unknown sequences are 
introduced to the array of immobilized probes. Target sequences which are  
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complementary to the immobilized probes hybridize on the microchip as illustrated in 






Figure 1.1. Illustration of microchip hybridization 
 
The challenge of all microarray experiments is to identify the unknown target 
sample unambiguously. Although DNA microarray technology has been widely used in 
varying applications ranging from biomedical to environmental research (Cha et al., 
2002), there are still several limitations associated with the technology. For example, due 
to the complexity of samples collected in the field of study, the amount of desired target 
yield is usually insufficient. Planar formats with its limited immobilization capacity and 
target accessibility would reduce the accuracy of the study. Furthermore, as each reaction 
within a planar format resembles that of a solid phase reaction, it makes it more difficult 
for long PCR-fragments to gain access to the immobilized probes on the planar surface. 
The use of insufficient target concentration also leads to false-negative results even when 
overnight hybridization is adopted.  Such a problem can be overcome by increasing the  
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immobilized probe concentrations on the substratum which also increases the 
hybridization efficiency (Petterson et al., 2001).  
 
1.1.2 Gel microarray technology 
Researchers have used gel-based microarrays for DNA analysis and diagnostics 
(Yershov et al., 1996). As compared to the planar formats, polyacrylamide gel matrices 
provide a three dimensional scope to increase probe density or signal intensity. Each gel 
pad represents a miniature test-tube resembling a liquid phase reaction more than a solid 
phase reaction (improved target accessibility). This enables the microarray platform to 
perform extensive hybridization and parallel identification of large numbers of 
oligonucleotide probes making it a high-throughput and efficient tool (Chiznikov et al., 
2001). By developing a large collection of rRNA–targeted DNA probes specific to 
different phylogenetic groups, rRNA recovered or rRNA gene amplified from the 
environmental samples can be used as targets for simultaneous hybridization to these 
probes in identifying the microbial populations present in the samples (Fantroussi et al., 
2003; Guschin et al., 1997). However, complete discrimination between perfect match 
(PM) and single mismatch (MM) duplexes is a difficult and challenging task, and can be 
further complicated when the same washing condition (formamide concentration, salt 
concentration and temperature) is used (Tijssen, 1993).  
 
One proposed solution is to employ a non-equilibrium dissociation approach, 
whereby the dissociation process of all duplexes from low to high temperature is  
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simultaneously determined (Liu et al., 2001; Urakawa et al., 2002; 2003). The percentage 
of dye-labeled target remained is a measure of duplex composition and is represented by 
the fluorescence intensity at specific temperature increments. The stability and 
identification of the duplex is determined by its non-equilibrium dissociation rates 
(melting profile) and dissociation temperature (Td) (Drobyshev et al., 1997) or by using a 
discrimination index that maximizes the signal intensity ratio between a PM duplex and a 
MM duplex (Urakawa et al., 2002; 2003). Although the use of gel pads increases the 
immobilization capacity and improves the sensitivity of measurements, an increase in 
probe densities will result in an increase in the overall cost of the study. In addition, 
discrimination of perfect match from mismatch hybridizations and the increase in probe 
density are very much dependent on the diffusivity and surface area available on the gel 
pad.   
 
To improve the current gel platform, we conceptualized a novel ‘pads within a 
pad’ approach to increase the effective surface area of the pad and improve target 
accessibility. This ‘waffle’-like or micro-pillar structure was fabricated onto the surface 
of a glass slide using a photo-polymerization process. Performance of the micro-pillars 
was evaluated based on key parameters associated with hybridization and dissociation.  
The hybridization parameters included the initial rate of hybridization and the maximum 
raw signal intensity attained. Dissociation parameters included dissociation temperature 
(Td) and discrimination power (ability to differentiate a perfect match from a mismatch).  
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1.2  Project objectives 
The overall objective is to optimize the performance of conventional 
polyacrylamide gel pads in microarray analysis. Specific objectives are:  
1) To optimize conditions required for producing a well-defined gel pad,  
 
2) To improve the sensitivity and diffusivity of the gel microchip by using the ‘pads 
within a pad’ or micro-pillars approach, 
3) To compare the efficiency of the micro-pillars to a conventional gel pad based on real-
time hybridization monitoring, dissociation curve analysis and discrimination power, and 
4) To illustrate the application of the micro-pillars in identifying single-nucleotide 
polymorphisms. 
 
1.3  Scope of study 
The focus of the study is to design and select an optimized micro-pillar format that would 
increase sensitivity with regards to target accessibility and discrimination power. A 
comparison would be made between the conventional gel pads and different micro-pillar 
formats based on real-time hybridization monitoring and dissociation curve analyses. 
This is to illustrate the improved signal intensity, increase in target accessibility and 
discrimination power when the micro-pillars are utilized. Synthetic targets of varying 
lengths labeled with Cy3 fluorophore at the 5’ end would be used and the discrimination 
power and the signal intensity ratio between the perfect match and mismatches would be 
compared. The DNA targets used in identifying single-nucleotide polymorphisms would 
include both synthetic oligonucleotides and PCR fragments (86-90mer).  
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2.1 Applications of microarrays  
Microarrays provide a powerful tool for parallel, high-throughput detection and 
quantification of many nucleic acid molecules. Depending on the availability of 
appropriate probe sets, microarrays can detect hundreds or thousands of targets in a single 
assay, thus greatly expanding the data throughput that can be generated from a single 
experiment (Sheils et al., 2003).  
 
DNA and oligonucleotide microarray technology has played an increasingly 
important role in gene expression analyses, genetic polymorphism analyses and 
environmental studies. For example, gene expression analyses in clinical diagnostics 
enables the transcript levels of thousands of genes to be monitored simultaneously, 
permits tumor prognosis and classification, allows drug target validation and toxicology 
evaluations, as well as the functional discovery of genes (Dorris et al., 2003; 
Ramakrishnan et al., 2002). For genetic polymorphism analyses, appropriate 
oligonucleotide probes and hybridization conditions need to be carefully selected in order 
to discriminate between two target DNA sequences differing only by a single nucleotide. 
The accuracy of the microchip for mutation detection is demonstrated for analyzing the 
beta-thalassemia mutations (Drobyshev et al., 1997), 5 point mutations from exon 4 of 
the human tyrosinase gene (Guo et al., 1994) and SNPs in a broad range of biologically  
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meaningful genes (Kolchinsky et al., 2002).  
 
In recent years, DNA microarrays have been used in environmental studies 
(Bodrossy et al., 2004; Chizhikov et al., 2001; Fantroussi et al., 2003). Gene probes of 
various designs have enumerated and tracked individual species and specific genes in 
natural communities and man-made systems. With the ability to study thousands of genes 
simultaneously, ecologists can better understand the metabolic behavior of interested 
microbial species within mixed microbial communities (Dennis et al., 2003). Fantroussi 
et al. (2003) have used oligonucleotide microarrays to directly profile the microbial 
community structure within the extracted rRNA from a given environmental sample 
without the use of PCR.  Though limited by the level of sensitivity, this approach 
provides a major advantage in characterizing environmental nucleic acid pools without 
the biases involved in PCR and other amplification techniques.  Table 2.1 summarizes the 
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Table 2.1. Applications of DNA microarrays  




Expression profiling mRNA or tRNA 
from relevant cell 
cultures or tissues 
Amplification of all 
mRNAs via 
RT/PCR/IVT 












PCR, or PCR with 
selected primer 










Genomic DNA from 
humans and animals 
 
Ligation/extension 

















each sliding N-mer 
window along a 
baseline sequence 
and also to three 
possible mutations 


















2.2  Microarray formats 
 Various approaches have been used for DNA microarray fabrication and testing. 
Fabrication parameters usually vary in the surface chemistry of the slides, the type and 
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 length of immobilized DNA and the immobilization strategies for the spotted DNA. 
Variations in testing included the use of pre-hybridization surface blocking, rRNA  
labeling protocols, hybridization protocols, washing stringency and data analysis 
techniques (Taylor et al., 2003). 
 
2.2.1 Different slide formats 
Commercial microarrays are usually manufactured by immobilizing DNA probes 
on planar supports (e.g. nylon membranes and glass) or 3-D supports (e.g.polyacrylamide 
gels) (Kolchinsky et al., 2002). Probes spotted on nylon membranes are usually large in 
spot size and a large amount of probes are required for each experiment. Relative to 
nylon membranes, probes spotted on both glass slides and gel pads produce smaller spot 
sizes and a lower quantity of probes is utilized, making both supports commercially 
viable. Glass supports have been used to conduct studies related to genetic 
polymorphisms analyses and microbial pathogen detection (Guo et al., 1994; Vora et al., 
2004). Zlatanova et al. (1999) reported the development of MAGIChip technology which 
uses gel pads to develop different types of biochips such as oligonucleotide, cDNA and 
protein chips. Examples of successful applications of gel pad biochips include the 
detection of β-thalassemia mutation in patients (Yershov et al., 1996; Dubiley et al., 









2.2.2 Surface chemistries 
Oligonucleotides or probes can be modified with a functional group that allows 
covalent attachment to a reactive group on the surface of DNA microarray slides. For  
example, oligonucleotides modified with an NH2-group can be immobilized onto silane-
derivatized glass slides. Succinylated oligonucleotides can be coupled to aminopropyl-
derivatized glass slides by peptide bonds, and disulfide-modified oligonucleotides can be 
immobilized onto a mercaptosilanised support (Lindroos et al., 2001). Other common 
surface modifications of the slides include aldehyde, 3-aminopropyltrimethoxysilane 
(APS), poly-L-lysine, and polyacrylamide derivatized surfaces (Proudnikov et al., 1997).  
Figure 2.1 illustrates two of the most common surface modifications used to immobilize 












Figure 2.1. Two of the most common surface modifications on slides 
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Factors that influence the fabrication of DNA microarray are the immobilization 
chemistry, spotting buffers and physical factors such as the type of spotter and the spot 
morphology. The ultimate aim of the fabrication process is to obtain evenly spaced 
probes so as to prevent the interaction between probes, allow high hybridization  
efficiency and maximize hybridization signals. Lindroos et al. (2001) compared the 
performance of eight chemical methods to covalently immobilize oligonucleotides on 
glass surfaces. Different derivatized glass slides are evaluated for their background 
fluorescence, efficiency of attaching oligonucleotides and performance of the primer 
arrays. Significant differences in background fluorescence are found among the different 
coatings, with the gel slides giving the highest background fluorescence due to the auto 
fluorescence of the gel. However, the gel slides also resulted in higher signal intensities 
than the planar supports and thus, the attachment efficiency and overall performance was 
better on the gel slides. 
 
Immobilization of oligonucleotides on polyacrylamide gels was further 
investigated by Timofeev et al. (1996) and the results demonstrated that an aldehyde gel 
support showed higher immobilization efficiency than an amino gel support in the 
presence of a reducing agent (mainly pyridine-borane complex). Ultimately, the 
optimization process of any microarray study is to find conditions that give the maximum 
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2.3 Polyacrylamide gel fabrication 
Gel microchips can be fabricated through photo-induced and persulfate-induced 
polymerization (Guschin et al., 1997; Proudnikov et al., 1998). Photopolymerization uses 
methylene blue (Lyubimova et al., 1993) as a photo-initiator and 
acrylamide/bisacrylamide (under UV light) are cross-linked to form gels of 
polyacrylamide. The presence of N,N,N’,N’-tetramethylethylenediamine (TEMED) 
stabilizes the reaction. Lyubimova et al. (1993) carried out a comparative study between 
the gels formed using these two methods and found that methylene blue-activated 
polyacrylamide gels have elastic properties greater than that in persulfate-induced gels, 
thus producing more defined gel pads. Furthermore, due to the ease of preparation and 
the ability to control all experimental parameters in methylene blue catalysis, photo-
induced polymerization appeared to be a better fabrication method of the two. 
 
2.4 Advantages and drawbacks of planar and gel platform 
 There are certain advantages and drawbacks in the use of both gel and glass 
formats. Problems faced by the planar platform such as sensitivity, reproducibility and 
reusability can be addressed using the gel platform. The gel format allows for higher 
sensitivity due to the increased concentration of probe immobilized. A high density of 
probe on a glass format may strongly hamper the accessibility of target molecules, due to 
steric hindrances and molecular interactions. In contrast, the molecular interactions in gel 
pads resemble a liquid phase reaction, thus increasing the ease of target accessibility 
(Vasiliskov et al., 2001). Furthermore, its reusability (Guschin et al., 1997) makes the gel  
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microchip a more logical and commercially viable option. In terms of discrimination 
capability, melting profiles of probe-target duplexes on gel microarrays are thought to 
offer better discrimination between target and non-target sequences than planar 
microarrays which typically depend on signal intensity (SI) values (Pozhitkov et al., 
2005). Table 2.2 summarizes the advantages and disadvantages of the two supporting 
media.  
Table2.2: Advantages and disadvantages of solid-support media (Li and Liu, 2003)  
Microchip format Advantages  Disadvantages 
 
Gel pad microchip (3-D) 
 
- high concentration of 
immobilized probe, 
resulting in strong signal 
intensity and dynamic range 
- resembles more of a liquid 
phase reaction 
- low fluorescence 
background 
- small volume of probes 
required 
- small spot sizes 
- reusable 
- stable support 
 
- few commercially 
available types in the 
market 
- retarded diffusion 
- difficult to access and 






- chemically inert 
- low fluorescence 
background 
- small volume of probe 
required 
- small spot sizes 
- commercially available 
 
- limited immobilization 
capacity 
- resembles more of a solid 
phase 
- reusability potential 
unconfirmed 
 
However, the drawback of using the gel chip is its difficulty in maintaining 
quality control such as chip to chip variation and the retarded diffusion of the platform 
(Dufva 2005). Dissociation curve analysis showed that long fragments with large tertiary  
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and quarternary structures are not able to diffuse easily out of the substratum, hence 
melting profiles are not ideal and do not allow for discrimination between perfect match 
(PM) from mismatch (MM) duplexes (Pozhitkov et al., 2005). The inability of long 
fragments (about 100 to 150nt) to display ideal melting profiles is probably due to bulk 
steric hindrance which prevents effective interactions between the targets and probes. 
Many studies attempted to overcome this problem by breaking up the long target strands  
into shorter fragments, which can be more accessible to the immobilized probes 
(Proudnikov and Mirzabekov, 1996). Protocols to attain fragmented and labeled DNA or 
PCR amplicons that are suitable for hybridization on a microarray thus remain limited. 
Such observations depict the importance to redesign the current gel pad format so as to 
improve the diffusivity limitation imposed by the current gel substratum.   
 
2.5 Probe immobilization 
There are three fundamental ways to immobilize probes onto a microarray: in-situ 
synthesis, contact printing and non-contact printing. Through light directed synthesis, in 
situ synthesized microarrays are able to fabricate large-scale arrays containing hundreds 
of thousands of oligonucleotide probe sequences on glass substratum within 1 cm2. In this 
process, 5’ or 3’ terminal protecting groups are selectively removed from growing 
oligonucleotide chains in pre-defined regions of a glass support by controlled exposure to 









Figure 2.2. Photolithographic synthesis of oligonucleotide arrays  
 
In-situ synthesis is extremely useful since high spot densities can be reached and 
probe sequence can be chosen almost randomly for each synthesis. A drawback of this 
system is that the chip layout is generally fixed. As microarrays are produced by 
subsequent exposure to UV light with different masks, varying the shape of the array 
requires the development of new masks. This would result in a higher fabrication cost 
(Gasson et al., 1999). Furthermore, microarray probes directly synthesized on substrates 
will contain a significant number of nucleotide chains that are different from the probe 
design due to ‘base skipping’ (Draghici et al., 2006) which refers to the problem 
encountered when specific nucleotides are not synthesized in pre-defined regions based 
on the designed oligonucleotide sequence.  
 
Microarray fabrication using contact printing is based on high definition pins that 
upon contact with the microarray substrate, deposit a certain amount of probe solution.  
        15 
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With the user having the ability to define the amount of probe deposited and the layout of 
the array, spotted microarrays are able to have higher spot density and more control over 
the amount of sample required, based on the area defining the microarray. Problems arise 
when hydrophobic microarray substrates are used. The droplet may not be anchored to 
the surface when the pin is retracted. This further result in inaccuracies in the array 
fabrication process.  
  
Non-contact printing is based on the use of a robotic arm to deposit the probe 
solution on the substrate. Like contact printing, non-contact printing allows the user to 
define the probe volume and array size that is required for the study. An additional 
advantage of non-contact printing is that it allows the delivery of the droplet to be 
independent of the surface properties of the slide. Significantly better spot morphology 
has been observed on hydrophobic surfaces using non-contact printing as compared to 
contact printing. Furthermore, non-contact printers come with drop control that verifies 
the deposition of a droplet (Dufva 2005; Fixe et al., 2004). 
 
2.6     Spot morphology   
 
 One of the main concerns with in-house fabrication of polyacrylamide gel 
microarrays is the quality of the spot produced. Spot morphology involves the shape and 
homogeneity of the microarray spot. Dufva (2005) simulated the signal intensity after a 
hybridization experiment (Figure 4.6) and reported that the quality of each spot can be 
determined by its spot size, shape, pixel distribution, intensity and the replication of 
uniformity within the chip. Dufva further analyzed two types of microarray spots. Figure  




2.3(A) shows the fluorescent images of a high quality (homogeneous) spot whereas 




Figure 2.3. Fluorescent image and 3-D illustration of (A) high quality 




2.7 Theoretical analysis of hybridization kinetics 
A number of important physical and chemical factors are known to affect hybrid 
stability of different duplex formations on DNA microarray. These factors include salt 
concentration, base mismatches and formamide concentration. Higher salt concentrations, 
with divalent cations (Mg2+) having a more pronounced effect than monovalent cations 
(Na+), will increase the rate of hybridization. Increasing the formamide concentration 
increases the specificity of the hybridization process. Appropriate ionic strength, 
temperature and time for hybridization are also essential for hybrid stability (Bej, 1995). 
 
Livshits et al. (1996) showed that the kinetics of DNA target hybridization to 
probes or oligonucleotides in a microarray is determined by the rate of diffusion of  
        17 
CHAPTER 2: LITERATURE REVIEW 
______________________________________________________________________________________ 
 
        18 
 
molecules into the medium containing the binding sites. This is known as ‘retarded 
diffusion’, which diffusion is interrupted by repeated association/dissociation within the 
binding sites. It is logical to assume that DNA binding will be faster with an  
increase in the number of binding sites within the medium. However, this is true only in 
the initial stages of binding taking place at the surface. When penetration of DNA into the 
medium is governed by the mechanism of ‘retarded diffusion’, DNA binding proceeds at 
different rates. 
 
The hybridization rate is also strongly dependent on the length of target DNA 
fragment. A longer fragment takes more time to diffuse through the medium and 
hybridize to the oligonucleotides as compared to a shorter one. Dissociation kinetics for  
longer targets are also found to take a longer time due to the slow diffusion time and 
those involved in duplex formation (Schena, 1995). Livshits (1996) further suggested that 
it is desirable to give the hybridization process ample time to complete so as to allow for 
the binding ability of perfect match duplexes. An additional washing procedure is also 
encouraged to remove any unbound targets. Furthermore, lowering the temperature 
during hybridization is advantageous, as this increased the association constants.  
 
2.8 Dissociation studies 
2.8.1 Non-equilibrium approach 
The success of oligonucleotide microarrays relies on the efficacy to discriminate 
perfect match (PM) duplexes from duplexes containing one or more mismatches (MM)  
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occurring at any position (Liu et al., 2001). It is even more difficult when only a single 
washing condition is used. By utilizing a non-equilibrium approach, Liu et al. (2001) and 
Urakawa et al. (2002) determined the kinetics of the dissociation process of all duplexes 
simultaneously. Differences in signal intensity between the PM and the MM duplex 
during the dissociation process suggested a difference in their respective dissociation 
rates. This approach, also known as Dissociation Curve Analysis (DCA), allows the user 
to obtain the dissociation curves of all the PM and MM probe-target duplexes in a single 
wash under an increasing temperature gradient and their corresponding dissociation 
temperatures (Td).   
 
2.8.2 Dissociation temperature, Td  
 Td is defined as the temperature at which 50% of the probe-target duplex has 
dissociated during a specified wash period (Tijssen et al., 1993). Using the non-
equilibrium approach, PM and MM duplexes can be distinguished based on their 
respective Td. Drobyshev et al. (1997) and Liu et al. (2001) successfully made use of the 
Td to discriminate the PM from the MM duplexes. Liu et al. (2001) was able to achieve 
more than two fold discrimination between PM and MM duplexes at the Td during the 
discrimination of different Bacillus species. Drobyshev et al. (1997) carried out real-time  
monitoring of the hybridization specificity for duplexes with different stabilities and 
Adenine Thymine (AT) content. By finding the optimal, discrimination temperatures on 
the various melting curves for the different sequences, Drobyshev et al. (1997) was able 
to achieve an efficient and reliable method in sequence analysis. The functionality of the 
study is demonstrated in the use of diagnostics for beta-thalassemia mutations.  
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2.8.3 Discrimination Index, DI 
 The Discrimination Index (DI) was first proposed by Urakawa et al. (2001). It can 
be used for deriving an optimum wash temperature for each probe sets to determine the 
maximum discrimination between perfect match duplexes and those containing 
mismatches. The DI was defined as follows:  
DItemperature = (pmtemperature /mmtemperature) (pmtemperature - mmtemperature)   (1) 
where pmtemperature is the average signal intensity of perfect match duplexes at a particular 
wash condition and mmtemperature is the average signal intensity of mismatch duplexes. 
With the application of microarrays to environmental systems, a larger and  
uncharacterized diversity of sequences and non-target mismatches need to be considered. 
DI provides an experimental and analytical framework for optimizing target and non-
target discrimination among all probes on a DNA microarray and supports the utility of 
melting profiles for achieving optimum resolution of microarray hybridization data. 
Urakawa et al. (2003) successfully introduced the use of DI to determine the optimum 
wash conditions for Staphylococcus and Nitrosomonas for DNA-DNA and RNA-DNA 
analysis. 
 
2.9 Image analysis software 
 Raw data processing involves localization of spots, determination of spot 
boundary, measurement and normalization of fluorescent signal intensity. The underlying 
principle in microarray image analysis is that spot intensity is a measure of the amount of  
target that has hybridized and of the specificity between the probe and target interaction. 
This implicitly assumes that the signal intensity of a spot is purely governed by the  
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distribution of the pixel intensities (Li et al., 2002). Thus, image analysis is an important 
aspect of microarray experiments. However, image analysis is currently problematic as 
there is no particular standard for processing the data obtained. 
 
Nagarajan (2003) analyzed different microarray image analysis software and 
techniques such as Scanalyze and parametric segmentation. Scanalyze determined the 
approximate boundaries surrounding the foreground pixels by manual adjustment of the 
rectangular grids. Inside the grid, the pixels are determined by drawing a circle chosen by 
the user and target intensity is determined by the mean of the foreground pixels. The 
drawback of using Scanalyze is that it requires a circular spot morphology whereas 
irregular spot morphologies are often observed in many microarray experiments. 
Parametric segmentation involves extracting the target intensities using user-defined 
anchor points. A user-defined circle is drawn to enclose the maximum number of pixels 
inside the grid. Similarly, the need for circular-defined grid morphology is a drawback of 
this technique.  
 
Other available software such as the QuantArray analysis software (GSI 
Lumonics, Wilmington, MA, USA) offers a more flexible analytical system that allows 
the user to determine the suitability of the analysis software based on the spot 
morphology acquired during image analysis. This is to ensure none of the image intensity 
is classified as background noise (Li et al., 2002).   
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A new analytical system called LabArray was developed using Labview (version 
7, National Instruments, Austin, TX, USA) (Ng et al, 2005). Using spot size and pitch as 
parameters, the grids for quantifying the signal intensities are determined and 
subsequently formed to define a region of interest (ROI). The advantage of using this 
system is its automatic spot finding process, which allows each spot to be located  
accurately. Furthermore, the system can identify irregular spot morphologies as well as 
misaligned spots.  
 
Another freeware that allows the custom analyses of microarray image sets is the 
Automated Microarray Image Analysis (AMIA) Toolbox. AMIA is developed using 
Matlab (Mathworks, Inc. Natick, MA, USA) (White et al., 2005). The software requires 
minimal user input and automatically locates the expected spot centers on microarray 
images. It uses a seeded-region-growing algorithm that allows the spot to assume a 
variety of testable shapes. Furthermore, the software provides extensive summary 
statistics on spot characteristics and background estimates as well as diagnostics on the 
performance of the statistical algorithms and highlights the potential problems that can 
persist in the microarray images. 
 
2.10 Data normalization 
 Raw signal intensity of each spot in a microarray requires to be analyzed in data 
processing and analysis step. These raw data are affected by variations occurring during 
the array fabrication process, target labeling procedure, and hybridization/washing 
process (Dharmadi et al., 2004). Liu et al. (2005) indicated that normalization is a necessary  
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step in data processing as fluorescently-labeled targets can exhibit different stabilities and 
intensities with respect to the changes of external parameters such as temperature in solution. 
There are two common normalization strategies used (Li et al., 2002): normalization to 
internal controls and normalization to total intensities.  
 
Using normalization to internal controls provides the user with a normalization signal 
that behaves consistently under the conditions of the experiment that is carried out.  Dyes 
such as Cy3 and Cy5 that are temperature dependant (Liu et al., 2005) require the use of 
internal controls to normalize the microarray signals that is acquired during real-time 
dissociation monitoring. Normalization to total intensities assumes that the majority of probes 
in the array have constant intensity levels across experimental conditions. Therefore the 
normalization signal is typically an expression of intensity ratios. Ultimately, the 
normalization strategy used for each experiment should correspond to the experimental 
design and the system under study. 
 
2.11 Artificial Neural Network, NN 
 Melting profiles of probe target duplexes are often used in gel pad microarrays to 
offer better discrimination between perfect match and mismatch duplexes. It utilizes 
signal intensity values following hybridization and stringent washing (Drobyshev et al., 
1997; Fantroussi et al., 2003; Liu et al., 2001; Timofeev et al., 1996). While no model 
has yet been developed for the interpretation of gel-pad melting profiles, Pozhitkov et al. 
(2005) introduced the use of artificial neural networks (NN) to recognize pattern 
variability and the classification of melting profiles. NNs are implemented as computer 
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programs and consist of networks of neurons that receive information from inputs or 
other neurons, make independent computations, and pass their outputs to other neurons in 
the network. Once a NN is properly trained, the optimized weighting factors can be used 
to generate a model that provides information on the relationships among (input) 
variables such as melt characteristics and different types of melting profiles (outputs) 
such as perfectly matched duplexes versus those of duplexes containing multiple 
mismatches (Basheer et al., 2001; Urakawa et al., 2002). NN will be able to interpret and 
determine the validity and accuracy of the data acquired. Thus the implementation of 
NNs would provide a robust check for microarray melting curve analyses. 
 
2.12 Limitations in microarray measurements 
 With all detection platforms, there is a need to point out the potential limitations 
of the technology so that users can have realistic expectations of its capabilities.  
Certain limitations exist in the current microarray technology that leads to inaccuracies 
and inconsistencies in microarray measurements. 
 
Signals produced by any microarray experiments are the result of specific 
hybridization of the targeted labeled transcript and background signal that is present in 
the absence of any significant sequence similarity (Draghici et al., 2006). Signal strength 
can be improved with the increase in probe length over a certain range. For instance, a 30 
mer probe provide twice the intensity of a 25mer probe. Therefore, in theory, the 
sensitivity issue can be addressed by simply using longer probes, but in fact, further 
increase in probe length produces only a limited enhancement, and the specificity of  
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probes, as quantified by the relative intensity of perfect match versus single base pair 
mismatch probes, decreases (Relogio et al., 2002). A decrease in specificity can lead to 
false positive signals (cross-hybridization). Removing and/or redesigning the microarray 
probes prone to cross-hybridization is a reasonable strategy to increase the hybridization 
specificity and hence, the accuracy of the microarray measurements (Hartmann 2005). 
 
Peplies et al. (2003) investigated the secondary structures of target molecules and 
steric hindrance to better understand the mechanisms involved in hybridization process. 
In this study, they discovered that false positive signals can be prevented if adequate 
specificity is applied to the experiment. Furthermore, the impact of cross-hybridization 
strongly depends on the relative concentration and affinity of the target. However, false-
negative signals can occur even with increased specificity and upon further analysis, this  
problem is attributed to the reduced accessibility of probe binding sites. Thus an 
improvement in target accessibility is needed to overcome such a problem. 
 
2.13 Quality control for microarray experiments 
 
There is a great need for standardized quality control as false positive or negative 
results will greatly affect data interpretation, leading to a great loss of both time and 
resources (Hartmann 2005). Dufva (2005) set up a list of parameters to be used in 
measuring the performance of the microarray (Table 2.3). The table is a good and 
practical guideline in microarray fabrication and may greatly improve the performance of 
microarray analysis in general. Array geometry represents the spatial localization of spots 
in the microarray. Spot density is defined as the number of spots that can be fitted in a  
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given area, whereas morphology indicates the shape and homogeneity of the spots. Probe 
density is defined as the number of probe molecules that are immobilized in a given area, 
and hybridized density as the number of target molecules that can hybridize to a given 
area.  
Table 2.3: Quality control checklist 
 Spot 
performance 













Robotics Yes No No No No No No 
        
Spotter type 




No Yes Yes Yes Yes No No 





No Yes Yes Yes Yes No No 































No No No No Yes No No 










3.1 Overview of microarray set-up 
 
In this study, 3-D microarrays were fabricated by photopolymerization of 
polyacrylamide gel pads on treated glass slides. Amino-modified probes were 
immobilized on the glass slides through its interaction with the aldehyde-derivatized gel 
pads. A CoverWell™ Incubation chamber was used to contain Cy3-labeled targets for 
real-time hybridization to the immobilized probes. Parallel melting analysis with a 
constant temperature gradient was carried out on the microchip using in-house developed 
LabVIEW-based software, LabArray, for the real-time imaging and analysis of the 
microarray images. Dissociation curves generated from the real-time data acquisition 
were then used to determine the dissociation temperatures of the respective duplexes and 
discrimination capabilities of the different probe sequences on the microarray. An 



















Micro-pillar fabrication  
 
 


































Image acquisition and 
analysis 
Figure 3.1. Microarray set-up 
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3.2 Coating of glass slides 
 
3.2.1 Application of bind silane to slides 
A thin layer of bind silane (3-Methacryloxypropyltrimethoxysilane) was coated 
onto the glass surface to improve the bonding of polyacrylamide gel to glass. The surface 
of a Corning slide (Corning, NY, USA) was thoroughly cleansed with detergent, rinsed 
with distilled water and dried. Acetic acid was used to adjust 200 ml of distilled water to 
pH 3.5 before adding 0.8 ml of bind silane. The solution was stirred for about 15 min to 
ensure that the bind silane had completely dissolved. The glass slide was then immersed 
in the bind silane solution for 60 min, rinsed with distilled water and dried. After drying, 
the treated slide was stored in a clean and dry centrifuge bottle. 
 
3.2.2 Application of repel silane to mask 
A thin layer of repel silane (dichlorodimethylsilane) was coated on the mask 
surface to facilitate release of polyacrylamide gels from the mask and to improve the 
hydrophobic properties of the mask. The mask was first washed in detergent, rinsed with 
distilled water and dried. Next, repel silane was distributed to the mask surface with 
Kimwipes and dried for 8 to 10 min, and excess repel silane was then removed with 
Kimwipes. The mask surface was rinsed with ethanol, followed by distilled water and 










3.3 Microchip fabrication 
3.3.1 Photopolymerization of polyacrylamide gels 
The arrays of polyacrylamide gel pads were produced using photo-induced 
polymerization. The polyacrylamide solution contained 100 μl of 5% solution of 
acrylamide-bisacrylamide mixture (19:1), 1.2 μl N,N,N’,N’-tetramethylehtylenediamine 
(TEMED) and 0.5 μl of 0.4% methylene blue which was used as a source of radicals in 
UV or visible light to induce the polymerization of acrylamide/bisacrylamide. The 
polyacrylamide solution was placed between a glass slide and a quartz mask (Infinite 
Graphics, USA) separated by Teflon or polyethylene spacers. The mask provided an 
opaque cover that allowed UV light to pass through and photo-polymerize the 
polyacrylamide gel at designated areas. Figure 3.2 illustrates the designs on a mask that 












Figure 3.2. Different designs of the ‘waffle’ mask 
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Photopolymerization was carried out in a 254-nm Model 1800 Stratalinker UV 
Cross-linker (Stratagene, La Jolla, CA, USA) with 8-W lamps 3 cm away from the slide. 




Figure 3.3. Fabrication of micro-pillars using photopolymerization process 
 
The time of irradiation in the Stratalinker oven was approximately 40 to 45 min. 
The ‘waffle’ mask had nine different designs encompassing three main dimensions (10 
µm, 20 µm, and 50 µm) with three different pitches (5 µm, 10 µm, and 20 µm) within a 
300 μm by 300 μm gel pad area. After polymerization, the microchips were washed in 
distilled water for 1 hour at 600C, dried and kept in a clean and dry centrifuge tube.  
 
3.4 Pre-processing of microchip 
The microchip was pre-processed to activate the aldehyde groups in the 
polyacrylamide gel matrices. The microchip was washed with water and placed in 50 ml  
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of 2% trifluoroacetic acid (TFA) for 5 min to remove the isopropylidene-protecting group 
from the copolymerization of dimethylacrylamide with hexylacrylamide. This allows 
modification of the tertiary alcohol group so that the aldehyde functional group can be 
introduced. The microchip was rinsed with water to remove excess TFA, dried under 
nitrogen stream, and placed in 50 ml of 0.1 M sodium periodate (NaIO4) for 30-35 min to 
allow formation of an aldehyde matrix on the gel substratum, which was required for the 
immobilization of amino-modified probe sequences. The microchip was then washed 
with 50 ml of water and dried before being used for spotting and immobilization of DNA 
probes.  
 
3.5 Experimental procedures and probe sequences 
As the microarray layout for most of the real-time dissociation experiments 
conducted in this study exceeded the field-of-view of the microscope objective, a 
motorized stage was used to capture the entire microarray image. The motorized stage 
had precise control of the X- and Y-axes in the horizontal plane and this enabled the user 
to acquire an image of the entire microarray of any size without being restricted by the 
field-of-view of the microscope objective. As the microarray was heated in a constant 
temperature gradient in real-time dissociation experiments, the uniform distribution of 
heat from the heating stage was crucial in acquiring accurate real-time dissociation data. 
 
In the real-time hybridization study, one perfect match 16S rRNA-based probe 
specific for Methanosaeta concilii (MX_PM) (18-mers) and probes having one mismatch 
at position one to six from the 5’ end (Table 3.1) were immobilized on the microarray gel  
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pad. Probes were designed using the 16S rRNA database (RDP) and the Probe Design 
function of the ARB program (O. Strunk and W. Ludwig, Technical University of 
Munich, Germany). All probes were modified to carry a C6 amino link at the 5’- 
terminus and were synthesized by Operon (Germany).  
 
Molecular beacon purchased from Integrated DNA Technologies (Coralville, 
USA) was used as the target for real-time hybridization monitoring experiments. It was 
labeled with fluorophore reporter Cy3 at the 5’ end, and the Black Hole Quencher IITM at 
the 3’ end. Target sequence complementary to the probe MX_PM as shown in Table 3.1 
was designed into the loop-structure of the molecular beacon. Hybridization of the 
molecular beacon with its complementary probe sequence would cause the loop structure 
to open and the fluorophore reporter dye to fluoresce.  
 
Linear synthetic targets with the same target sequence as the molecular beacon 
were purchased from Operon (Huntsville, Alabama, USA) for the dissociation curve 
study. A control probe (5’-C6 Amino-GGGG-Cy3-3’) was used as a positive control for  
signal normalization (further explanation could be found in Chapter 4, Section 4.5). All 
control probes had a poly T-spacer region added to the 5’ end to prevent steric hindrance  
with the slide surface. They were further synthesized with an amino linker at the 5’ 









Two sets of single nucleotide polymorphisms (SNPs) (SNP_1236 and SNP_2677) 
of the MDR1 gene were used to demonstrate the functionality of the micro-pillar based 
microarray. SNPs are single-base differences in the DNA sequence that can be observed 
between individuals in the population. After hybridization, the microarray was heated 
under a constant temperature gradient and subjected to a dissociation curve analysis 
(DCA) where the Td (temperature at which 50% of the duplex on the chip had 
dissociated) for the four possible alleles were determined.  
 
Genotype determination was based on Td, ∆Td (the difference in Td between the 
perfect match duplex with that of the mismatch) and the dissociation curve profile. 
Accuracy of the genotype determination on the microarray platform relies on the 
discrimination power and the thermodynamic properties between a perfectly match (PM) 
duplex and duplex with single mismatch (MM) occurring at the middle position of a 
duplex. This concept supports the feasibility of SNP detection using DCA. To identify 
the PM duplex, four probe sequences differing by a single nucleotide at the middle 
position were used for each SNP that was tested. The PM duplex would be the probe 
sequence having the highest Td. Images were acquired and quantified using an imaging 
system consisting of an epifluorescence microscopy, a heating stage, and an in-house  










           Table 3.1. Probe and target sequences  





























3.6 Dispensing of probes 
Using the Biochip Arrayer (Packard Instruments, Meridan, CT, USA) for non-
contact micro dispensing, 0.7 nl of 0.7 M 3’-amino-synthesized oligonucleotides were 
spotted to individual gel pads on the microchip. Through the aid of a CCD camera 
configured to align the positions of the four tips on the arrayer, the first tip could be 
positioned directly above the base position that defined the microarray. The standard 
BCTable software in the Biochip Arrayer enabled the user to define the dispense volume, 
spot pitch, source position and array format, whereas the positioning camera supported 
dispensing to discreet microstructures.  
 
3.7 Post-processing of microchip 
After spotting the probes, the microchip was left in the dark and dried for at least 
12 hrs. To immobilize the oligonucleotide probes on the polyacrylamide gel pads, the 
microchip was placed in 100 ml of 0.1 M pyridine-borane complex in water-saturated 
chloroform to reduce the Schiff base and stabilize the aldehyde-amino linkage between 
the probes and the gel matrices. A thin layer of water was loaded above the chloroform 
layer so as to prevent air from interacting with the reduction of the Schiff base. After 
incubation under a two-phase system (from chloroform to water and water to air) for 12 
hrs, the microchip was washed with ethanol and water, dried under nitrogen stream and  
treated in 0.1 M sodium borohydride (NaBH4) for 25 min to reduce auto-fluorescence and 
remove residual aldehyde groups. Finally, the microchip was washed in 50 ml of water 
for 1 hr at 600C and dried prior to use. 
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3.8 Chip Hybridization and real-time monitoring                                                              
Hybridization was conducted using CoverWell™ Incubation chamber gaskets by 
Molecular Probes (Eugene, Oregon, USA). Real-time hybridization was carried out at  
22.50C in a microchamber containing 25 µl of hybridization buffer. The hybridization 
buffer consisted of 4 µl DEPC-treated water, 20 µl of 100% formamide, 9 µl of 5 M 
NaCl, 1 µl of 1 M Tris-HCl and 16 µl of 0.1 µM Cy3-labeled DNA target. The 
experimental setup for acquiring images included a microscope (Olympus, Centre Valley 
PA., USA) equipped with appropriate filters (Chroma Technology Corporation, 
Rockingham, USA), lens and a Coolsnap cooled-CCD camera (Photometrics, Tucson 
AZ., USA). The microchip was mounted onto a Peltier thermotable (Linkam Scientific 
Instruments Limited, UK) for heating at a constant temperature gradient.  
 
For real time monitoring up to 16 h, images were acquired and quantified at 1.5 
min intervals for the first hour, 15 min interval for the next 5 hr and 30 min interval for 
the remaining 10 hr. All experiments were conducted at an exposure time of 1 s. After 
hybridization, a brief wash was conducted using 10 mM NaCl to remove the excess 
target. Dissociation curve analysis (DCA) was then carried out in a washing buffer 
containing 500 mM NaCl and 10% formamide. The microchips were subjected to a 
temperature increase from 12.5oC to 75oC under a ramping rate of 2.5oC per 3 min. An 
image was captured at every increment in temperature through the image analysis 








known as LabVIEW (Version 7, National Instruments, Austin, TX, USA) (Ng et al., 
2005). Figure 3.4 illustrates the user interface of the LabArray programme. 
 
Figure 3.5. LabArray user interface 
 
  The signal intensities of individual probes within each image was analyzed and 
exported into an MS Excel XP (Microsoft, Inc., Redmond, Wash.). Unlike conventional 
gel pad arrays, LabArray determined the mean intensity of each waffle pad based only on 
the total effective surface area and ignored the areas between these pads that do not 
contribute to the signal intensity. This prevents underestimation of the actual mean 
intensity. Normalization procedures were carried out with respect to a control probe to  
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account for the temperature-dependent variation of the Cy3-reporter dye (Liu et al., 
2005). The initial signal intensity was first normalized against the control probe labeled 
with fluorescent dye. The maximum (Max) and minimum (Min) normalized values were 
set to one and zero respectively using the equations described below.                                                                
Normalizing signal intensity w.r.t control (Ic): 




(2) Normalized intensity calibrated to values of 0 to 1: 
= (max normalized intensity – Min) / (Max – Min) 
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  Figure 3.5. Dissociation curve analysis after normalization 
 
Figure 3.5 illustrates typical dissociation curves plotted with the normalized data obtained 
using equation (2). Linear interpolation between values incrementally larger and smaller 
than 0.5, of the data was carried out to obtain the Td, difference in melting temperature  
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(∆Td) of perfect match (PM) and mismatch (MM) duplexes and the ratio of signal 
intensity between PM and MM ( MMPM II ) at the Td of PM. The ∆Td would indicate a  
better discrimination of PM from MM. Likewise, a greater MMPM II would also indicate 
a relative ease to distinguish PM from MM based on signal intensities.  
 
3.9  Data analysis  
Statistical analysis was performed on tabulated data using statistical software 
Origin 6.1(OriginLab Corporation, Northampton MA, USA). By using paired t-test, p 
values lesser than 0.05 were considered statistically significant. 
 
3.10 Image acquisition of micro-pillars 
3.10.1 Confocal Laser Scanning Microscope (CLSM) image 
Signals from Cy3-labeled duplexes immobilized on substratum comprising 5% 
acrylamide were acquired using CLSM 5 PASCAL (Carl Zeiss, Jena, Germany). The 
microscope was equipped with 543 nm helium/neon laser and a long-pass emission filter 
at 560 nm. Images were taken every 2 µm along the vertical profile with a Plan-
Apochromat 40X objective Ph2 lens. Signal intensities were then quantified using the in-
built software. 
 
3.10.2 Field Emission Scanning Electron Microscopy (FESEM) scan image 
 The surface of the gel-coated microchips was studied by SEM (Zeiss DSM 962, 
Carl Zeiss, Oberkochen, Germany). The gel pads were coated with 5 to 10 nm of  
 
40 




platinum using a vacuum evaporator. SEM images were obtained at an emission voltage 
of 10 kV at a magnification of 270X. 
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4.1 Fabrication of micro-pillars 
 
Different gel pad designs were tested for their effects on the hybridization efficiency of 
the current microarray platform. To determine these effects, factors such as increase in 
effective surface area and initial rate of hybridization were taken into account. Through a 
series of optimization studies, a minimum acrylamide concentration of 5% was 
determined to be necessary for complete polymerization of all gel elements, particularly 
the outermost gels.  
 
4.1.1 Structure of gel micro-pillars 
 In-house gel pad microarrays were fabricated using a ‘waffle’ mask (Proudnikov 
et al. 1998), which produced an array of “waffle”-like micro-pillar structures on a glass 
surface. Figure 4.1 illustrates the difference in the structure of the conventional pad and 
the micro-pillars in a 300 μm by 300 μm area. Nine different micro-pillar designs (length 
x width x pitch µm) were used in this study: 10x10x5(A1), 10x10x10(A2), 
10x10x20(A3), 20x20x5(B1), 20x20x10(B2), 20x20x20(B3), 50x50x5(C1), 
50x50x10(C2) and 50x50x20(C3) (Figure 4.2). A constant thickness of 10 µm was used 





CHAPTER 4: RESULTS  
______________________________________________________________________________________ 
 













Figure 4.1. Comparison between (A) a conventional 300 μm by 300 μm gel pad and (B) a 

























































Figure 4.2. FESEM images of different micro-pillar Design A (A1, A2, A3) (B) FESEM 
image of Design B (B1, B2, B3)  (C) FESEM image of Design C (C1, C2, C3)  
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4.2 Spot morphology and fluorescence intensity profile  
  
A uniform spot morphology is essential for accurate microarray signal acquisition. 
Thus, the quality of the spot produced is an important consideration for in-house 
fabrication of polyacrylamide gel microarrays (Dufva 2005). Hybridization of Cy3-
labeled MX target to MX_PM probe immobilized on a 300 μm by 300 μm conventional 
gel pad produced a low quality signal resembling the shape of a ‘donut’ where the signal 
intensity at the edge of the spot was much higher than at the center (Figure 4.3A). The 
signal intensity profile (Figure 4.3B) showed an uneven signal distribution. This would 
directly affect the accuracy of the microarray data acquired.  
 
On the contrary, CLSM images of the micro-pillar microarray taken at different 
depths produced uniform signal intensity across the gel format (Figure 4.4A). The 
homogeneity of the signal intensity (Figure 4.4B) indicated that the micro-pillar 
microarray allowed higher probe density and better target accessibility than conventional 
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Figure 4.3. (A) Inset: ‘Donut’-shaped signal captured from conventional gel pad using  
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Figure 4.4. (A) CLSM images of Cy3-labeled target taken at different depth (1-4) of the 
micro-pillars at 2.3 µm increment (B) CLSM captured-Cy3 signal intensity at the 4 
different depths of the micro-pillars 
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4.3 Correlation between effective surface area and signal  intensity  
 
The conventional gel pad and the 9 different micro-pillar designs were 
compared for effective surface area available for probe immobilization and for the final 
signal intensity acquired after hybridization (Figure 4.5). With the exception of A3 and 
C3, all micro-pillars have larger effective surface area than the conventional gel pad of 
300 x 300 µm with A1 providing the highest effective surface area. At the end of a 16 hr 
real-time monitoring, all micro-pillars gave at least 50 % higher final signal intensity than 
the conventional gel pad even for the micro-pillars having effective surface area similar  
to that of the conventional gel pad. A1 and B1 showed as much as 1.5-2 fold increase in 
the final signal intensity. Micro-pillars with a pitch of 5 μm consistently gave higher 
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Figure 4.5. Comparison between the conventional gel pad and the nine different micro-
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4.4     Screening for microchip quality 
 
To control the quality of a gel-pad chip, a checklist similar to the one utilized by 
Dufva (Chapter 2, Section 2.10) was used.  During the printing process, the quality of the 
microchips was determined by (i) analyzing the behavior of the Cy3 control under an 
increasing temperature gradient, and (ii) monitoring the Td and the shape of the melting 
profiles by hybridizing and washing with synthetic targets. Since the fluorescence 
intensity of Cy3 dye is temperature dependent, normalization of data with the control was  
crucial. Figure 4.6 illustrates the behavior of three different concentrations of a control 
probe under an increasing temperature gradient. Inadvertently, the behavior of the control  
can affect the dissociation curve obtained. Figure 4.7 illustrates how normalization using 
a ‘bad’ control affected the sigmoid shape of the melting profile and indirectly affected 
the real time monitoring of the Td. Thus, the behavior of the positive control had to be 










































   
   











































Figure 4.6. Relationship between temperature and the emission intensity of Cy3 control 































































































Figure 4.7. Normalized melting curves for perfect match, MX_PM and mismatch 
MX_4aa. Normalization was performed using the (A) ‘bad’ and (B) ‘good’ chips given in 
Fig. 4.6 
 
4.5 Real-time hybridization monitoring 
 
To understand the hybridization kinetics under different gel pad designs, 
molecular beacon (MB) target with Cy3 fluorophore and Black Hole Quencher IITM was 
hybridized with the gel chip at an excessive target/probe ratio of 10, and the hybridization 
signal was monitored in real time for 16 hr. A motorized stage was used to capture four 
different regions of the microarray layout simultaneously during the hybridization 
process.  
 
Figure 4.8 shows the real time monitoring of hybridization.  Using an excessive 
target, hybridization kinetics were observed to rapidly increase in signal intensity in the 
first 25-30 mins followed by a gradual decrease for the next 90-100 minutes and finally  
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plateau off. The initial phase was possibly mediated by a high concentration of the 
complementary target present above the gel pad substratum.  The subsequent decrease in 
hybridization rate was due to the substratum becoming saturated with hybridized 
duplexes, regardless of the type of substratum used. In the plateau phase, the excessive 









































Figure 4.8. Real-time hybridization monitoring using MX molecular beacon as target in a 
conventional pad for the four MX probes (PM, MM_2ag, MM_4aa and MM_6aa)  
 
The initial rate of hybridization (a.u. / min) was further calculated during the first 10 
minutes of hybridization (Figure 4.9).  A coefficient of R2 at 0.92 ± 0.04 indicated that 
the rate of hybridization was a zero-order reaction.  Designs A and B displayed higher 
rates of hybridization as compared to the rest of the micro-pillar designs. A significant 
increase in the initial hybridization rate was observed for micro-pillars A2 and B2 
compared to the conventional pad (p < 0.042, t-test; Table 4.1), but not for C2 (p = 0.371, 
t-test). This could be due to the size of the micro-pillars (50 µm) which were not sensitive 
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enough to affect the initial rate but over a 16 hr hybridization period would still produce a 
higher final signal intensity than the conventional pad due to an increase in probe density. 
The pitch between micro-pillars could also affect the initial rate of hybridization. 10 µm 
pitches gave the highest initial rate for both Designs A and B in all four probe sets, 
possibly related to an increase in target accessibility. Nevertheless, it was not possible to 
discriminate the PM from the three mismatch probes during initial hybridization since 
their hybridization rates were almost similar across the same gel formats. 
 
Figure 4.9. Initial rate of hybridization during the first 10 minutes for the four MX probes 
(PM, MM_2ag, MM_4aa and MM_6aa) using different gel formats 
 
 
Table 4.1. Comparison of initial rate of hybridization for the conventional pad and 
Designs A, B and C for MX_PM 
 Initial rate of 
hybridization 
p-value 
Conventional pad 1.90 - 
Design A (10x10x10) 5.71 0.042 
Design B (20x20x10) 4.89 0.041 
Design C (50x50x10) 1.90 0.371 
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Overall performance of the different gel pads were ranked based on initial rate of 
hybridization, maximum raw intensity and effective surface area (Table 4.2). Gel micro-
pillars A2 and B2 were deemed the optimal designs and were used for subsequent studies 
of dissociation curve analysis (DCA) on the four probe sets and their effects on 
dissociation parameters such as Td and ∆Td. 
Table 4.2. Ranking of all pad designs based on the initial rate of hybridization and 
maximum raw intensity attained. Rank 1 denotes the best performance 
Micro-pillar 
type* 

















300x300 114 000 7 10 8.5 7 
10x10x5 (A1) 360 000 6 1 3.5 3 
10x10x10 (A2) 202 500 1 3 2 1 
10x10x20 (A3) 90 000 3 9 6 5 
20x20x5 (B1) 288 000 4 2 3 2 
20x20x10 (B2) 200 000 2 4 3 2 
20x20x20 (B3) 128 000 10 7 8.5 7 
50x50x5 (C1) 162 500 9 5 7 6 
50x50x10 (C2) 162 500 8 6 7 6 
50x50x20 (C3) 104 000 5 8 6.5 4 
*Each micro-pillar was designed within a 300µm by 300µm space. Each pad had a thickness of 10µm. 
** Average of initial rate ranking and max raw intensity ranking  





CHAPTER 4: RESULTS  
______________________________________________________________________________________ 









Figure 4.10. Dissociation curves for (A) 18 mer, (B) 35 mer and (C) 70 mer 
oligonucleotide synthetic targets hybridized to PM, MM_2ag, MM_4aa and MM_6aa 
























































































































































































































































































































































































































































































































































































































   
   


















































   
   








































   
   





























































   
   




















































































































































































































































































































































































































































































































































































































































































































































   
   


















































   
   








































   
   





























































   
   























































 The effects of gel pad design on the dissociation kinetics were studied based on 
the hybridization of three synthetic targets of different lengths (18-, 35-and 70-mer) to 4 
MX probes immobilized onto the conventional pad and micro-pillars A2 and B2. This 
was to demonstrate the improvement in the target affinity when micro-pillars were used. 
Figure 4.10 shows the dissociation curves for the three targets using micro-pillar B2. 
Under an increasing temperature gradient, all three targets showed similar dissociation 
trends with MX_PM being easily differentiated from the mismatch duplexes. In general, 
higher Td was observed for micro-pillars A2 and B2 than the conventional pad when the 
35 mer (p=0.023 and p=0.003, respectively) and 70 mer targets (p=0.001 and p=0.003) 
were used. This can be attributed to the higher target affinity due to the increase in 
effective probe density. 
 
The Td and ΔTd for different target lengths as well as the dissociation parameters 
for the perfect match and mismatch duplexes at positions 2, 4 and 6 are shown in Table 
4.3. Micro-pillar B2 displayed higher ΔTd (p = 0.036) and marginally higher PM/MM 
intensity ratio (p=0.048) (IPM/IMM: ratio between the intensity of the PM and MM 
quantified at the Td of PM) than the conventional pad. Micro-pillar A2 displayed a 
significant increase in the intensity ratio (p=0.028) but no significant increase in ΔTd 
(p=0.64). The ∆Td for MM_2ag with micro-pillar B2 was approximately 2-6 0C, which 
was 1-2 0C higher than those obtained with micro-pillar A2. A similar trend was observed 
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from the PM. For probe MM_4aa, the ΔTd was approximately 4-8 0C for the 35 mer and 
70 mer targets with the micro-pillars A2 and B2 respectively, and was larger than that 
obtained for the 18 mer targets. The ΔTd for micro-pillar B2 was 4 0C higher than the 
other gel formats when 70 mer targets were used. Probe MM_6aa gave varying results 
with the conventional pads showing a ∆Td of 7.2 0C as compared to the ∆Td of 3-40C for 
the micro-pillars when 18 mer targets were used. However, the micro-pillars showed an 
increase in ∆Td (~4-6 0C) when 35 mer and 70 mer targets were used.  
 
4.7 Functionality of micro-pillars in microarray analysis 
 
 To demonstrate the functionality and efficacy of micro-pillars in 
improving microarray hybridizations, they were used to accurately identify two different 
single nucleotide polymorphisms (SNPs) (SNP_1236 and SNP_2677) in the multi-drug 
resistant (MDR1) gene.  As SNPs constitute the bulk of human genetic variation, they 
provide excellent markers to identify genetic factors contributing to complex diseases. 
SNPs in target genes were identified according to their dissociation curve profiles, Td and 
∆Td. The presence of two identical alleles in an individual for a single target gene is 
known as a homozygous target and the presence of two different alleles in an individual 
for a single target gene is known as a heterozygous target. In this study, unknown target 
samples of 86-mer end-labeled PCR-amplified alleles were used. However, since 
heteroduplexes contain two PM duplexes and homoduplexes contain one PM duplex, a 
heterozygous and homozygous sample can be identified by their dissociation curves as 
illustrated for SNP_1236 and 2677 respectively (Figure 4.11). 
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Figure 4.11. Dissociation curve analysis of (A) SNP_1236 and (B) SNP_2677 
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To confirm the identity of the genotypes, Discrimination Index of SNP (DISNP) was 
calculated using equation (3) based on the Td obtained from real-time dissociation curve 
analysis of the SNP samples (Table 4.3).  
Discrimination Index of SNP = (Tdm – Tdmmin) / (Tdmmax – Tdmmin)  (3) 
Where Tdm= Td / sum of Td of all four possible nucleotides (C, T, A, G) 
Tdmmin = min. value of Tdm, and 
Tdmmax = max. value of Tdm. 
 
 
By comparing the two highest DISNP values of a SNP sample to the respective 
DISNP cutoff value for the sample population, the genotype of the sample can be 
determined. The DISNP cutoff value for the sample population was determined to be 0.6 
by comparing the DISNP values acquired from 20 sequenced samples from the population 
for all four possible nucleotides at the SNP sites. The DI values for all four possible 
nucleotides at the SNP site were calculated based on the Td values (Table 4.4) and 
compiled as illustrated in Table 4.5. By implementing this cutoff value, 1236_Chinese 61 
(Ch61) and 2677_Ch61 were classified as a heterozygous and a homozygous sample 
respectively. To validate the accuracy of the DISNP classification, the SNP samples were 
sequenced and compared to the predicted genotype. As shown in Table 4.5, the DISNP 
genotype determination was 100% accurate.  
Table 4.4. Td of SNP samples used in DI determination  
 
SNP sample Probe C Probe T Probe A Probe G 
1236_Ch61 63.3±0.8 59.0±0.3 64.0±0.3 59.1±0.1 
2677_Ch61 40.9±0.3 43.3±0.6 47.8±0.3 44.1±0.1 
1236_Ch62 50.9±0.5 48.4±0.2 48.2±0.2 47.6±0.3 
2677_Ch62 35.4±0.3 39.7±0.3 35.5±0.2 38.5±0.5 
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Table 4.5. DI values for all possible nucleotides at the SNP sites 
SNP sample 
(Sequenced 
genotype) D.I For C D.I For T D.I For A D.I For G 
Predicted 
Genotype using DI 
cutoff 
1236_Ch61(GT) 0.9 0.0 1.0 0.0 GT 
2677_Ch61(TT) 0.0 0.3 1.0 0.4 TT 
1236_Ch62(GG) 1.0 0.2 0.2 0.0 GG 
2677_Ch62(AC) 0.0 1.0 0.0 0.7 AC 
 
 An extended study was done on 10 different SNP samples from two different 
races (Chinese, Ch, and Indian, In) for SNP_1236 and 2677. Table 4.6 illustrates the DI 
values obtained for the 10 samples. DISNP genotype determination was 100% accurate for 
all 10 samples. The study of other populations such as Japanese, Latin American and 
African can also be carried out by using the methodology aforementioned. This study 
showed the robustness and functionality of the micro-pillar platform. The platform would 
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Table 4.6. DI values for the 10 SNP samples 
SNP sample 
(Sequenced 
genotype) D.I For C D.I For T D.I For A D.I For G 
Predicted 
Genotype using DI 
cutoff 
1236_In56(AG) 1.00 0.70 0.18 0.00 AG 
1236_In58(AG) 1.00 0.70 0.31 0.00 AG 
1236_In61(AA) 0.46 1.00 0.00 0.32 AA 
1236_In62(AG) 1.00 0.74 0.01 0.00 AG 
1236_In65(AG) 1.00 0.74 0.16 0.00 AG 
1236_Ch71(GG) 1.00 0.35 0.31 0.00 GG 
1236_Ch72(AG) 1.00 0.78 0.18 0.00 AG 
1236_Ch73(AA) 0.48 1.00 0.00 0.14 AA 
1236_Ch74(AA) 0.27 1.00 0.00 0.48 AA 
1236_Ch75(GG) 1.00 0.35 0.30 0.00 GG 
2677_In56(AA) 0.17 1.00 0.00 0.28 AA 
2677_In58(AA) 0.30 1.00 0.00 0.12 AA 
2677_In61(AA) 0.15 1.00 0.00 0.41 AA 
2677_In62(CT) 0.29 0.00 0.67 1.00 CT 
2677_In65(CC) 0.42 0.31 0.00 1.00 CC 
2677_Ch71(AC) 0.00 1.00 0.04 0.74 AC 
2677_Ch72(AC) 0.18 1.00 0.00 0.90 AC 
2677_Ch73(AT) 0.14 1.00 0.73 0.00 AT 
2677_Ch74(AC) 0.02 0.91 0.00 1.00 AC 














5.1     Improving diffusivity 
Alexander et al. (2001) demonstrated that target capture efficiency and 
target/probe hybridization kinetics decreased with probe density. In the lowest probe 
density regime, essentially 100% of probes can be hybridized following Langmuir-like 
binding kinetics. While the increase in probe density improved the sensitivity of 
measurements and allowed for non-equilibrium dissociation, a decrease in hybridization 
efficiencies and kinetics were observed (Figure 4.3). Conventional gel-based chips 
immobilized with high probe concentrations tend to generate more intense signal around 
the edge of the pad than uniform signal throughout the gel element, due to the gel matrix 
restricting target diffusion to the centre of the gel pad. As reported by Livshits et al. 
(1996), high probe density may also reduce hybridization rate and retard target diffusion 
into the gel matrix. Thus, modifications in gel fabrication processes are needed to make 
the gel interior more accessible and ‘solution-like’ for higher target diffusivity and faster 
hybridization kinetics. 
 
Vasiliskov et al. (1999) reported that the reductions of gel pads size, hence the 
increase of surface to volume ratio, facilitated the diffusion of substances into the gel, 
resulting in higher sensitivity and faster kinetics of hybridization. Dissection of a  
 





conventional gel pad into hundreds of micro-pillars allowed diffusion of long targets into 
the centre of the gel matrix and at the same time could increase the effective surface area 
(probe density) of the gel substratum. Whilst hybridization in a conventional gel pad 
resembles chemical reactions in a single test-tube, the ‘waffle’-like micro-pillar structures 
may promote hybridization by increasing target accessibility as if the chemical reactions 
took place in hundreds of nano-liter tubes. The improvement in target accessibility to 
micro-pillars was reflected in the increase in hybridization rate compared to the 
conventional gel pad.  
 
5.2 Increasing signal intensity   
The modified LabArray image analysis program was used to quantify mean 
intensity of each micro-pillar array over the total effective surface area. Peterson et al. 
(2001) found that increasing the surface probe density improved probe/target interaction, 
which subsequently, favored hybridization and increased raw signal intensity attained at 
the end. Our study showed that a 2-3 fold increase in effective surface area resulted in a 
1.5-2 fold improvement in final signal intensity. This increase was possibly due to an 
increase in target accessibility. Design A and Design B gave significant increase in the 
rate of hybridization and target accessibility than the conventional gel format.  
 
Dufva (2005) found that the kinetics of affinity binding increased with the 
smoothness of a gel pad surface. During the fabrication process, the extensive contact 
between acrylamide solution and micro-pillars resulted in smoother surface properties  
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over the large effective surface area of the micro-pillars and thus higher hybridization 







Figure 5.1. An illustration of the smoothness of (A) conventional pad and (B) micro-
pillar surfaces 
                                                                                                                                                                              
5.3 Discrimination power 
Hybridization efficiency increased with the density of immobilized probes 
(Petterson et al., 2001). As a result, the introduction of micro-pillars to a 300x300x10 μm 
polyacrylamide gel pad increased the discrimination power of the microarray platform. 
∆Td for mismatch types was approximately 2 -3 folds higher using the micro-pillars.  
Poor discrimination of long target fragments was also alleviated particularly when micro-
pillar B2 was used. A higher initial intensity was acquired for the long fragments using 
micro-pillars and a 2-40C increase in the ∆Td was observed. There was also a 1-2 fold 
improvement in IPM/IMM using the micro-pillars compared to the conventional pad.  
 
 
 Real time monitoring of hybridization also showed that the presence of micro-
pillars enhanced PM / MM discrimination, possibly due to higher hybridization rate for 
PM duplexes than for MM duplexes. The time required for hybridization could be  
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shortened to < 8 hrs without affecting the PM / MM ratio. This finding is in contrary to 
what was raised by Sorokin et al. (2005) using short hybridization times with gel-based 
chips where MM duplexes were deemed to hybridize faster than PM and thus hampered 
the discrimination of PM from MM.  
 
5.4 SNP genotyping 
 Simple allele-specific hybridization detection using DNA microarray was able to 
verify the exact nucleotide sequence of a genomic target region. However, its limitations 
such as difficulty in obtaining a good signal/noise ratio can compromise the accuracy of 
the platform. The discrimination between perfectly matched and mismatched duplexes is 
insufficient when many different oligonucleotides are hybridized under a single condition 
(Tsuchihashi et al., 2002). As indicated earlier, the micro-pillar approach could 
significantly improve sample diffusion and signal discrimination. This new platform was 
used to address the problems involved in SNP genotyping. During dissociation curve 
analysis, the signal to noise ratio for micro-pillar B2 was significantly improved. 
Mismatches in the central part of the probe design were easily distinguished from perfect 
matches. This study demonstrated the robustness and accuracy of micro-pillar platform 
for microarrays by correctly genotyping 2 sets of SNPs within the same target buffer 
based on dissociation curve profiles (Figure 4.11). Dissociation temperature and other 
information provided by dissociation curves can be used to obtain the Discrimination 
Index, DI of the particular sample for further verification of the results acquired. 








The novel micro-pillar design was introduced to overcome the problems faced by 
the current gel-based microarray platform. This study shows that an improvement in the 
probe density and target accessibility considerably improves the interpretation of 
hybridization signals. Using a soft lithography technique, nine different designs were 
fabricated and comparisons were made to the conventional pad in terms of (i) effective 
surface area, (ii) initial rate of hybridization, (iii) final signal intensity and (iv) 
discrimination power.  
 
 The gel micro-pillars provided more than a 2-fold increase in effective surface 
area with micro-pillar A1 having as much as a 3-fold improvement. This brought about 
an increase in probe density and with the novel ‘waffle’ design, improved target 
accessibility. Design A and B showed an increase in the initial rates of hybridization, 
which also corresponds to the increase in effective surface area. Design C had an almost 
similar rate as the conventional pad. Micro-pillars A2 and B2 showed the highest initial 
rates of hybridization. A 1.5 to 2 fold increase in final signal intensity was acquired using 
the gel micro-pillars. Design A and B attained stronger signal intensities as compared to 
Design C. This coincided with the increase in effective surface area for probe 
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capability as compared to the conventional gel platform. ∆Td attained for micro-pillar B2 
were significantly greater than micro-pillar A2 and the conventional gel pad. Based on 
the results obtained, the gel micro-pillars did improve the current microarray platform 
with faster rates of hybridization and greater discrimination power. Among those, nine 
different designs of micro-pillars fabricated, micro-pillar B2 (20x20x10 µm) was the 
optimized pad.  
 
 From the real-time monitoring curves, a plateau was attained after just 10 h of 
hybridization and thus long hybridization times of up to 70 h is redundant. The study had 
also illustrated the improvement in the diffusion of short targets (< 100nt) when micro-
pillars and conventional gel pads were used. Thus, future DNA microarrays should be 
designed to maximize the surface area so as to facilitate target hybridization with the 
immobilized probes.  
 
6.2 Recommendations for future works 
 
6.2.1 Optimization of microarray protocol 
 
 In order to ascertain the reproducibility of the results, different target lengths 
(both synthetic and environmental samples) should be used to compare the 
differential effects of the micro-pillars and the conventional pad, as well as their ability to 
discriminate. Even with the increased sensitivity and efficiency in the use of micro-
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necessary when using environmental samples so as to achieve a consistent set of 
experimental data. The setting up and implementation of Artificial Neural Networks  
(NN) on gel micro-pillars would further enhance the credibility of the microarray results 
acquired using environmental samples.  
 
A2 A2 A2 6.2.2 Microfluidic application 
 
 With the need for a quick and cost effective detection method, numerous 
researchers are employing the use of microfluidic devices in carrying out diagnostic 
applications. By encapsulating the gel micro-pillars using poly (dimethylsiloxane) 
(PDMS) (Figure 6.1) and with the use of a micro-pump to deliver solution into the 
microfluidic system, this could result in faster kinetics of hybridization and improve the 
efficiency of the microarray platform. Furthermore, the perpetual motion of the buffer 
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The encapsulation of the gel micro-pillars could also lead to other applications 
such as the trapping of polystyrene beads for hybridization, washing and image analysis 
as illustrated in Figure 6.2.   
 
Micro-pillars 








Figure 6.2: Micro-pillars used in trapping of beads 
 
 
6.2.3 Expanding the SNP study 
 
 
Figure 6.3. Schematic diagram showing relative positions of the mini-sequencing primers 
and SNP sites within the MDR1 gene 
 
 Since SNPs within the MDR1 gene are responsible for drug response and disease 
susceptibilities, identifying SNPs within this gene is of functional importance. More 
SNPs (refer to Figure 6.3) can be included in future studies to complement the 2 SNPs 











1. Barone, A. D., J. E. Beecher, P. A. Bury, C. Chen, T. Doede, J. A. Fidanza, and 
G. H. McGall. 2001. Photolithographic synthesis of high-density oligonucleotide 
probe arrays. Nucleosides Nucleotides Nucleic Acids 20:525-31. 
 
2. Basheer, I. A., and M. Hajmeer. 2000. Artificial neural networks: fundamentals, 
computing, design and application. Journal of Microbiological Methods 43:3-31. 
 
3. Bodrossy, L., and A. Sessitsch. 2004. Oligonucleotide microarrays in microbial 
diagnostics. Curr Opin Microbiol 7:245-54. 
 
4. Cha, T. W., V. Boiadjiev, J. Lozano, H. Yang, and X. Y. Zhu. 2002. 
Immobilization of oligonucleotides on poly(ethylene glycol) brush-coated Si 
surfaces. Anal Biochem 311:27-32. 
 
5. Chizhikov, V., A. Rasooly, K. Chumakov, and D. D. Levy. 2001. Microarray 
analysis of microbial virulence factors. Appl Environ Microbiol 67:3258-63. 
 
6. Dennis P., E. A. E., S. N. Liss and R. Fulthorpe. 2003. Monitoring gene 
expression in mixed microbial communities by using DNA microarrays. Applied 
and Environmental Microbiology 69:769-778. 
 
7. Dharmadi, Y., and R. Gonzalez. 2004. DNA microarrays: experimental issues, 
data analysis, and application to bacterial systems. Biotechnol Prog 20:1309-24. 
 
8. Dorris, D. R., R. Ramakrishnan, D. Trakas, F. Dudzik, R. Belval, C. Zhao, A. 
Nguyen, M. Domanus, and A. Mazumder. 2002. A highly reproducible, linear, 
and automated sample preparation method for DNA microarrays. Genome Res 
12:976-84. 
 
9. Draghici, S., P. Khatri, A. C. Eklund, and Z. Szallasi. 2006. Reliability and 
reproducibility issues in DNA microarray measurements. Trends Genet 22:101-9. 
 
10. Drobyshev, A., N. Mologina, V. Shik, D. Pobedimskaya, G. Yershov, and A. 
Mirzabekov. 1997. Sequence analysis by hybridization with oligonucleotide 
microchip: identification of beta-thalassemia mutations. Gene 188:45-52. 
 
11. Dubiley, S., E. Kirillov, and A. Mirzabekov. 1999. Polymorphism analysis and 
gene detection by minisequencing on an array of gel-immobilized primers. 
Nucleic Acids Res 27:e19. 
 





13. El Fantroussi, S., H. Urakawa, A. E. Bernhard, J. J. Kelly, P. A. Noble, H. Smidt, 
G. M. Yershov, and D. A. Stahl. 2003. Direct profiling of environmental 
microbial populations by thermal dissociation analysis of native rRNAs 
hybridized to oligonucleotide microarrays. Appl Environ Microbiol 69:2377-82. 
 
14. Fixe, F., M. Dufva, P. Telleman, and C. B. Christensen. 2004. Functionalization 
of poly(methyl methacrylate) (PMMA) as a substrate for DNA microarrays. 
Nucleic Acids Res 32:e9. 
 
15. Fixe, F., M. Dufva, P. Telleman, and C. B. Christensen. 2004. One-step 
immobilization of aminated and thiolated DNA onto poly(methylmethacrylate) 
(PMMA) substrates. Lab Chip 4:191-5. 
 
16. Fotin, A. V., A. L. Drobyshev, D. Y. Proudnikov, A. N. Perov, and A. D. 
Mirzabekov. 1998. Parallel thermodynamic analysis of duplexes on 
oligodeoxyribonucleotide microchips. Nucleic Acids Res 26:1515-21. 
 
17. Guo, Z., R. A. Guilfoyle, A. J. Thiel, R. Wang, and L. M. Smith. 1994. Direct 
fluorescence analysis of genetic polymorphisms by hybridization with 
oligonucleotide arrays on glass supports. Nucleic Acids Res 22:5456-65. 
 
18. Guschin, D., G. Yershov, A. Zaslavsky, A. Gemmell, V. Shick, D. Proudnikov, P. 
Arenkov, and A. Mirzabekov. 1997. Manual manufacturing of oligonucleotide, 
DNA, and protein microchips. Anal Biochem 250:203-11. 
 
19. Guschin, D. Y., B. K. Mobarry, D. Proudnikov, D. A. Stahl, B. E. Rittmann, and 
A. D. Mirzabekov. 1997. Oligonucleotide microchips as genosensors for 
determinative and environmental studies in microbiology. Appl Environ 
Microbiol 63:2397-402. 
 
20. Harrington, C. A., C. Rosenow, and J. Retief. 2000. Monitoring gene expression 
using DNA microarrays. Curr Opin Microbiol 3:285-91. 
 
21. Hartmann, O. 2005. Quality control for microarray experiments. Methods Inf Med 
44:408-13. 
 
22. Huang, Q., D. Liu, P. Majewski, L. C. Schulte, J. M. Korn, R. A. Young, E. S. 
Lander, and N. Hacohen. 2001. The plasticity of dendritic cell responses to 
pathogens and their components. Science 294:870-5. 
 
23. Kolchinsky, A., and A. Mirzabekov. 2002. Analysis of SNPs and other genomic 





24. Kunitsyn, A., S. Kochetkova, E. Timofeev, and V. Florentiev. 1996. Partial 
thermodynamic parameters for prediction stability and washing behavior of DNA 
duplexes immobilized on gel matrix. J Biomol Struct Dyn 14:239-44. 
 
25. Lee, D. Y., K. Shannon, and L. A. Beaudette. 2006. Detection of bacterial 
pathogens in municipal wastewater using an oligonucleotide microarray and real-
time quantitative PCR. J Microbiol Methods 65:453-67. 
 
26. Li, E. S. Y. a. W. T. L. 2003. DNA microarray technology in microbial ecology 
studies - Principle, Applications and Current limitations. Microbes and 
Environment 18:175-187. 
 
27. Li, X., W. Gu, S. Mohan, and D. J. Baylink. 2002. DNA microarrays: their use 
and misuse. Microcirculation 9:13-22. 
 
28. Lindroos, K., U. Liljedahl, M. Raitio, and A. C. Syvanen. 2001. Minisequencing 
on oligonucleotide microarrays: comparison of immobilisation chemistries. 
Nucleic Acids Res 29:E69-9. 
 
29. Liu, W. T., J. H. Wu, E. S. Y. Li and E. S. Selamat. 2005. Emission charateristics 
of fluorescent labels with respect to temperature changes and subsequent effects 
on DNA microchip studies. Appl Environ Microbiol 71:6453-6457. 
 
30. Liu, W. T., A. D. Mirzabekov, and D. A. Stahl. 2001. Optimization of an 
oligonucleotide microchip for microbial identification studies: a non-equilibrium 
dissociation approach. Environ Microbiol 3:619-29. 
 
31. Livshits, M. A., and A. D. Mirzabekov. 1996. Theoretical analysis of the kinetics 
of DNA hybridization with gel-immobilized oligonucleotides. Biophys J 71:2795-
801. 
 
32. Lyubimova T., S. C., C. Gelfi, P. Righetti, and T. Rabilloud. 1993. 
Photopolymerization of polyacrylamide gels with methylene blue. Electrophoresis 
14:40-50. 
 
33. Mantripragada, K. K., P. G. Buckley, T. D. de Stahl, and J. P. Dumanski. 2004. 
Genomic microarrays in the spotlight. Trends Genet 20:87-94. 
 
34. McMahon, K. D., D. A. Stahl, and L. Raskin. 1998. A Comparison of the Use of 
In Vitro-Transcribed and Native rRNA for the Quantification of Microorganisms 
in the Environment. Microb Ecol 36:362-371. 
 
35. Nagarajan, R. 2003. Intensity-based segmentation of microarray images. IEEE 





36. Ng J.K.K, a. W.-T. L. 2005. LabArray: real-time imaging and analytical tool for 
microarrays. Bioinformatics 5:689-690. 
 
37. Park, T., S. G. Yi, S. H. Kang, S. Lee, Y. S. Lee, and R. Simon. 2003. Evaluation 
of normalization methods for microarray data. BMC Bioinformatics 4:33. 
 
38. Peiffer, R. W. 1997. Applications of photopolymer technology. 
 
39. Peplies J., F. O. G. a. R. A. 2003. Optimization strategies for DNA microarray-
based detection of bacteria with 16S rRNA-targeting oligonucleotide probes. 
Applied and Environmental Microbiology 69:1397-1407. 
 
40. Peterson, A. W., R. J. Heaton, and R. M. Georgiadis. 2001. The effect of surface 
probe density on DNA hybridization. Nucleic Acids Res 29:5163-8. 
 
41. Pozhitkov, A., B. Chernov, G. Yershov, and P. A. Noble. 2005. Evaluation of gel-
pad oligonucleotide microarray technology by using artificial neural networks. 
Appl Environ Microbiol 71:8663-76. 
 
42. Proudnikov, D., E. Timofeev, and A. Mirzabekov. 1998. Immobilization of DNA 
in polyacrylamide gel for the manufacture of DNA and DNA-oligonucleotide 
microchips. Anal Biochem 259:34-41. 
 
43. Raghavachari, N., Y. P. Bao, G. Li, X. Xie, and U. R. Muller. 2003. Reduction of 
autofluorescence on DNA microarrays and slide surfaces by treatment with 
sodium borohydride. Anal Biochem 312:101-5. 
 
44. Ramakrishnan, R., D. Dorris, A. Lublinsky, A. Nguyen, M. Domanus, A. 
Prokhorova, L. Gieser, E. Touma, R. Lockner, M. Tata, X. Zhu, M. Patterson, R. 
Shippy, T. J. Sendera, and A. Mazumder. 2002. An assessment of Motorola 
CodeLink microarray performance for gene expression profiling applications. 
Nucleic Acids Res 30:e30. 
 
45. Rehman, F. N., M. Audeh, E. S. Abrams, P. W. Hammond, M. Kenney, and T. C. 
Boles. 1999. Immobilization of acrylamide-modified oligonucleotides by co-
polymerization. Nucleic Acids Res 27:649-55. 
 
46. Relogio, A., C. Schwager, A. Richter, W. Ansorge, and J. Valcarcel. 2002. 
Optimization of oligonucleotide-based DNA microarrays. Nucleic Acids Res 
30:e51. 
 
47. Rhee, S. K., X. Liu, L. Wu, S. C. Chong, X. Wan, and J. Zhou. 2004. Detection of 
genes involved in biodegradation and biotransformation in microbial communities 






48. Schena, M. 1995. Quantitative monitoring of gene expression patterns with a 
complementary DNA microarray. Science 270:467-470. 
 
49. Sheils, O., S. Finn and J. O’Leary. 2003. Nucleic acid microarrays: an overview. 
Current Diagnostic Pathology 9:155-158. 
 
50. Shoemakerand, D. a. P. L. 2002. Recent developments in DNA microarrays. 
Current Opinions in Microbiology. 
 
51. Sorokin, N. V., V. R. Chechetkin, M. A. Livshits, S. V. Pan'kov, M. Y. Donnikov, 
D. A. Gryadunov, S. A. Lapa, and A. S. Zasedatelev. 2005. Discrimination 
between perfect and mismatched duplexes with oligonucleotide gel microchips: 
role of thermodynamic and kinetic effects during hybridization. J Biomol Struct 
Dyn 22:725-34. 
 
52. Stoughton, R. B. 2005. Applications of DNA microarrays in biology. Annu Rev 
Biochem 74:53-82. 
 
53. Taylor, S., S. Smith, B. Windle, and A. Guiseppi-Elie. 2003. Impact of surface 
chemistry and blocking strategies on DNA microarrays. Nucleic Acids Res 
31:e87. 
 
54. Timofeev, E., S. V. Kochetkova, A. D. Mirzabekov, and V. L. Florentiev. 1996. 
Regioselective immobilization of short oligonucleotides to acrylic copolymer 
gels. Nucleic Acids Res 24:3142-8. 
 
55. Tsuchihashi, Z. and N. C. Dracopoli. 2002. Progress in high throughput SNP 
genotyping methods. Pharmacogenomics J 2: 103-10 
 
56. Urakawa, H., S. El Fantroussi, H. Smidt, J. C. Smoot, E. H. Tribou, J. J. Kelly, P. 
A. Noble, and D. A. Stahl. 2003. Optimization of single-base-pair mismatch 
discrimination in oligonucleotide microarrays. Appl Environ Microbiol 69:2848-
56. 
 
57. Urakawa, H., P. A. Noble, S. El Fantroussi, J. J. Kelly, and D. A. Stahl. 2002. 
Single-base-pair discrimination of terminal mismatches by using oligonucleotide 
microarrays and neural network analyses. Appl Environ Microbiol 68:235-44. 
 
58. Vasiliskov, A. V., E. N. Timofeev, S. A. Surzhikov, A. L. Drobyshev, V. V. 
Shick, and A. D. Mirzabekov. 1999. Fabrication of microarray of gel-immobilized 
compounds on a chip by copolymerization. Biotechniques 27:592-4, 596-8, 600. 
 
59. Vasiliskov, V. A., D. V. Prokopenko, and A. D. Mirzabekov. 2001. Parallel 
multiplex thermodynamic analysis of coaxial base stacking in DNA duplexes by 





60. Vora, G. J., C. E. Meador, D. A. Stenger, and J. D. Andreadis. 2004. Nucleic acid 
amplification strategies for DNA microarray-based pathogen detection. Appl 
Environ Microbiol 70:3047-54. 
 
61. Welsh JB, S. L., LM Kern and Behling CA. 2001. Analysis of gene expression 
profiles in normal and neoplastic ovarian tissue samples identities candidate 
molecular markers of epithelial ovarian cancer. National Academy of Science 
  5:231-240. 
 
62. White, A. M., D. S. Daly, A. R. Willse, M. Protic, and D. P. Chandler. 2005. 
Automated Microarray Image Analysis Toolbox for MATLAB. Bioinformatics 
21:3578-9. 
 
63. Wu, L., D. K. Thompson, G. Li, R. A. Hurt, J. M. Tiedje, and J. Zhou. 2001. 
Development and evaluation of functional gene arrays for detection of selected 
genes in the environment. Appl Environ Microbiol 67:5780-90. 
 
64. Ye, R. W., T. Wang, L. Bedzyk, and K. M. Croker. 2001. Applications of DNA 
microarrays in microbial systems. J Microbiol Methods 47:257-72. 
 
65. Yershov, G., V. Barsky, A. Belgovskiy, E. Kirillov, E. Kreindlin, I. Ivanov, S. 
Parinov, D. Guschin, A. Drobishev, S. Dubiley, and A. Mirzabekov. 1996. DNA 
analysis and diagnostics on oligonucleotide microchips. Proc Natl Acad Sci U S 
A 93:4913-8. 
 
66. Zlatanova, J., S. H. Leuba, and K. van Holde. 1999. Chromatin structure revisited. 
Crit Rev Eukaryot Gene Expr 9:245-55. 
 
 
 
74 
